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THE  DETERIOTATION  OF  THE  COVERAGE  ON  NICKEL  AND  STEEL 
DURING  ELECTROLYTIC  HYDROGEiv  EVOLUTION 

SUMMARY 

The  galvanoslatic  double  charging  method  previously  developed 
in  tills  project,  has  been  applied  to  determine  the  coverage  of  nickel 
cathodes  with  adsorbed  atomic  hydrogen  in  2  N  sodium  hydroxide  solutions 
Anodic  current  densities  have  been  varied  from  0.05  A  cm""  to  1.8  A  cm  ~ 
The  plateau  indicating  absence  of  readsoiption  was  found  between  0.6  and 
1.8  A  cm“^,  for  a  constant  cathodic  c.d.  of  10'^  A  cm'^.  The  variation 
of  the  adsorbed  hydrogen  over  cathodic  c.d.'s  ranging  from  10'^  to  10“^ 
at  u  constant  anodic  c.d.  of  1  A  cm~^  have  been  calculated  and  the 
coverage  calculated.  The  mechanism  of  the  hydiogen  evolution  reaction 
has  been  elucidated  with  the  aid  of  the  coverage  values  obtained.  It 
is  shown  that  the  rate  determining  step  is  discharge  from  a  water  mole¬ 
cules  follov/ed  by  rapid  Tafel  recombination.  The  rate  constants  for 
these  processes  and  the  rate  constant  for  the  ionisation,  calculated 
with  the  extrapolated  value  of  coverage  for  the  reversible  hydrogen 
electrode,  have  been  determined.  A  modification  of  the  Tafel  equation 
vrhich  takes  into  account  both  coverage  and  ionisation  is  found  to  be 
in  harmony  with  the  results  obtained. 

A  new  method  for  the  determination  of  coverage  suitable  for 
corrodible  metals  is  described.  This  involves  the  measurement  of  the 
rate  of  permeation  of  hydrogen  by  electrochemical  techniques  which 
enhances  the  sensitivity  of  the  method.  The  relevant  diffusion  theory 
3uit£,ble  for  this  method  is  developed.  A  detailed  analysis  of  the 
method  shows  that  it  can  yield  all  parameters  of  significance  in 
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hydrogen  embrittlement  studies,  namely  rate  constants  for  transfer  from 
surface  to  bulk  and  vice  versa,  the  diffusion  constant,  and  the 
quantity  of  hydrogen  in  the  membrane. 

The  method  has  been  tested  on  palladium  and  the  diffusion 
constant  evaluated  by  five  different  formulae  from  the  rise  and  decay 
transients.  Four  of  these  formulae  are  original  and  the  agreement  of 
the  results  obtained  by  all  five  formulae  confirms  the  validity  of  the 
equations  derived.  The  method  has  heen  applied  to  nickel  and  steel. 
Preliminary  data  show  that  the  coverage  in  alkaline  solutions  tends 
to  30^  ox'  that  in  acid  solutions.  Palladated  steel  membranes  have  also 
been  studied.  Evidence  that  the  diffusion  behaviour  depends  on  past 
history  of  the  specimen  has  heen  obtained. 
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THE  DETERMINATION  OF  THE  COVERAGE  OF  NICKEL  MD  STEEL 
DURING  ELECTROLYTIC  HYDROGEN  EVOLUTION 


INTRODUCTION 

The  main  objectives  of  the  present  work  Is  to  devise  methods 
whereby  fractions  of  a  monolayer  of  adsorbed  atomic  hydrogen  covering 
cathodes  during  hydrogen  evolution  can  be  determined.  The  importance 
of  the  coverage  factor  d  lies  in  its  application  to  the  elucidation  of 
the  mechanism  of  the  hydrogen  evolution  reaction.  Prom  the  practical 
point  of  view,  the  detemination  of  0  particularly  on  metals  susceptible 
to  hydrogen  embrittlement  is  vital  to  the  control  and  eventual  elimina¬ 
tion  of  the  unpredictable  behaviour  of  hydrogen  embrittled  materials. 
From  among  materials  eii5>loyed  for  structure  fabrication  iron,  nickel 
and  their  alloys  are  those  moot  susceptible  to  hydrogen  embrittle¬ 
ment.  The  determination  of  9  on  these  substances  especially  in  acid  and 
other  corrosive  media  can  therefore  be  regarded  as  the  principal  objec¬ 
tive. 

STATUS  OF  METHODS  AVAILABLE 

A  number  of  original  methods^*^  were  proposed  in  ONR  Technical 
Report  1,  and  a  number  of  new  ones  outlined^  in  ONR  Technical  R^ort  $• 
Detailed  consideration  of  the  kinetic  and  thermodynamic  parameters  for 
a  number  of  metals  with  respect  to  the  applicability  of  the  various 
methods  were  made  and  the  conclusions  are  as  follows: 
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1.  Oalvanostatic  Double  Charging  Method; 

'  IMs  method,  which  has  been  discussed  in  detail  in  Reports  (l) 
and  (2)  can  be  used  to  detenalne  6  In  the  following  systems; 

a.  Noble  metals  In  acid  or  alkaline  media.  Compensation  curve 
unnecessary. 

b.  Transition  metals  in  adkaline  media. 

c.  Copper  and  silver  in  acid  and  alkaline  media. 

2.  Anodic  Potentiostatic  Transient;^ 

Calculations  show  that  while  acid  and  alkaline  media  nay  be  used 
In  the  following  systems,  there  are  restrictions  in  respect  to  Q  and 
over-potential. 


a. 

Nickel,  Ojj  ~  1 

-  .15  -  26  v 

it 

<  10  i>.», 
an 

b. 

Platinum,  %  ~  6 

'  *  .15  to  .48  V 

it 

>  10  i^ 

c. 

Gold,  Q  0-1 

r;  IS  ,15  to  .48  v 

1 

it 

>  10  ian 

3.  Permeation  Rate  Method^ 

This  method  consists  in  estimating  the  quantity  of  hydrogen  dif¬ 
fusing  through  a  metal  membrane  one  side  of  which  is  maintained  at 
cathodic  over  potentials.  Detailed  consideration  of  the  various  possible 
mechanisms  enables  a  functional  dependence  between  the  permeation  rate 
and  the  cathodic  current  density  to  be  derived  for  each  mechanism. 
Knowledge  of  the  mechanism  from  meamirements  of  the  throughput  will 
g'fv^  nueiit.otiYely  the  degree  of  coverage.  This  iiietliuu  ia  attractive 
from  the  point  of  view  of  embrittlement  studies,  as  those  metals  which 
have  high  permeation  rates  would  also  be  e^^pected  to  show  greater  sus¬ 
ceptibility  to  hydrogen  eiiibritt lament. 

Experimental  technique,  however,  is  difficult,  as  the 
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quantities  of  hydrogen  are  minute  and  Ionisation  gaugen  or  mass 
spectrometers  have  to  be  en5)loyed  in  conjunction  with  high  vacuum  systems 
in  the  10"^^  to  10*"^  mm  of  Hg  range. 

4.  Electrolyte  Separation  Factor 

The  electrolytic  separation  factor  for  hydrogen-deuterium  or 
hydrogen-tritium  is  characteristic  of  the  mechanism  of  hydrogen  evolu¬ 
tion  reaction.^  The  separation  factor  can  be  calculated  theoretically 
and  confirm  eiiqperlmental  results  with  metals,  where  the  mechanism 
has  been  established  by  other  methods.  Measurement  of  the  electrolytic 
separation  factor  would  enable  the  identification  of  the  mechanism  and 
will  therefore  give  qualitatively  the  coverage. 

This  method  would  be  suited  for  iron  in  acid  solution.  Deter- 
rainations  have  to  be  made  at  current  densities  in  the  range  10  to 
10°  amp/cm^  in  order  to  collect  appreciable  amounts  of  hydrogen, 
which  means  that  there  must  be  indications  that  the  mechanism  does  not 
change  when  below  10'^  amp/cm^. 

5.  Determination  of  Pseudo -Capacitance 

It  has  been  shown  that  the  pseudo-capacitance^  gives  a  direct 
measure  of  the  degree  oi  coverage  of  an  electrode.  The  pseudo -capaci¬ 
tance  for  a  fully  covei’ed  surface  is  about  200cy^F.  A  high  degree 
of  accuracy  is  possible  at  low  coverages.  By  this  method  it  has  been 
shown  that  in  acid  iron  at  Its  corrosion  pcitciiLiul.  is  covered  to 
about  3“5^-  The  method  needs  evaluation  over  a  range  of  cathodic 
potentials  on  Iron  in  acid  solutions. 

6.  Hydi^ogen  Permeation  Current  Method 


Small  penneation  rates  of  hydrogen  through  metals  can  be 
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measured  directly  and  accurately  by  anodic  dissolution.  This  eliminates 
the  main  disadvantage  of  the  permeation  method  and  enables  the  evalua¬ 
tion  of  9  in  any  solution,  and  Is  potentially  the  most  useful  method 
hitherto  developed.  The  theory  and  preliminary  results  are  discussed 
later  in  this  report. 

EXPERIMENTAL  INVESTIGATIONS  ON  NICKEL 

1.  Detennlnation  of  the  degree  of  coverage  of  nickel  in  alkaline  solution; 

Nickel  is  susceptible  to  hydrogen  embrittlement  and  is  often 
used  in  strongly  alkaline  media.  The  double  pulse  galvanostatic  method 
can  be  used  with  this  system  to  determine  the  coverage  and  hence  the 
mechanism.  The  coverage  data  thus  obtained  can  be  used  in  studies  of 
embrittlement  by  metallurgical  techniques  In  order  to  elucidate  the 
relationship.  For  these  reasons,  this  system  was  investigated. 

2.  Nickel  Electrode 

A  B.D.H.  nickel  rod  fitted  with  a  polythene  sleeve  was  used  as  the 
test  electrode.  A  polythene  rod  l/2  in.  diam.  and  2  in.  long  was  drilled 
axially  to  an  int.  diam.  of  3/32  in.  A  nickel  rod  4  in.  long  emd  l/8  in. 
dlara.  was  then  forced  through  the  hole  in  the  polythene  rod  to  obtain  a 
water-tight  fit.  The  polythene -covered  end  was  machined  flat  so  as  to 
expose  only  the  area  of  cross-section  (O.083  sq.  cm.). 

3 •  Cell  and  Auxiliary  Electrodes 

The  cell  (see  fig.  l)  was  made  of  Fyrex  glass  and  had  three  com¬ 
partments.  The  diffusion  of  oxygenated  anoly'r.e  into  the  test  chamber  was 
prevented  by  means  of  a  sintered  disc  inserted  between  the  compartments. 

The  Luggin  capillary  from  the  reference  electrode  conpartment  was  centered 
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vertically  upwards  In  the  test  chasiber.  Provision  was  made  to  admit 
purified  hydrogen  into  the  test  and  reference  electrode  couipartments 
through  capillary  tubes. 

As  anode^  a  bright  sheet  of  platimmi  was  used  for  the  cathodic 
polarization  of  the  teat  electrode.  The  reference  electrode  was  an 
Ellis  hydrogen  electrode.  In  the  test  electrode  compartment  were  the 
polythene -sleeved  nickel  electrode,  and  surrounding  it,  a  platinum 
cylinder  3/h  in.  diam.  and  2  in.  long.  The  platinum  cylinder  was  used 
as  the  cathode,  first  during  the  pre-electrolysis  and  later,  for  the 
anodic  polarization  of  the  test  electrode.  These  two  electrodes  were 
mounted  on  a  polythene  stopper.  Figure  1.  The  central  and  reference 
electrode  conpartments  had  bubblers  containing  distilled  water  to 
prevent  diffusion  of  air  into  the  cell, 
h.  Electrolyte 

Sodium  hydroxide  solution  (2  N)  was  used  as  the  electrolyte. 
Merck's  pellets  (extra  pure  quality)  of  sodium  hydroxide  were  dissolved 
in  conductivity  water,  which  was  prepai’ed  by' previously  reported  methods. 
The  specific  conductivity  of  this  water  was  0.4  jumhos. 

5-  Rtrificatlon  of  Hydrogen 

Tank  electrolytic  hydrogen  was  deoxygenated  by  passage  through 
a  palladized  asbestos  furnace.  The  gas  was  bubbled  through  water  and 
fed  by  nolyt.hene  tubing  to  the  test  and  reference  electr-oue  compartments. 
The  rate  of  bubbling  of  hydrogen  was  controlled  by  plastic  aquarium-type 
regulator  valves. 

6.  Electrical  Circuit 


The  circuit  used  is  given  in  Figure  2.  There  were  two  polarizing 
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circuits  -  one  to  polarize  the  Ni  electrode  cathodically  and  the  other 
to  polarize  it  anodically.  The  Nl  electrode  was  first  polarized  oathod- 
ically  and  the  change-over  to  anodic  polarization  effected  instanteuieously. 
This  was  achieved  by  using  a  aercury-wetted  relay  with  a  rise  time  of 
10"7  sec.  The  cathodic  polarizing  circuit  was  always  on,  and  on  switching 
on  the  anodic  current  by  means  of  this  relay,  the  test  electrode  became 
anodically  polarized.  Since  the  anodic  current  was  at  least  a  hundred 
times  larger  than  the  cathodic  current,  the  effect  of  the  latter  is 
negligible  when  calculating  the  anodic  c.d.  Leakage  of  the  anodic  pulse 
into  the  cathodic  polarizing  circuit  was  minimized  by  a  high-capacity 
choke. 

For  cathodic  polarization,  a  battery-powered  circuit  was  used, 
the  ctirrent  being  measured  by  a  Cambridge  unlpivot  laultirange  micro- 
ammeter.  For  very  small  currents,  the  potential  across  a  standard  10  xl 
megohm  resistor  was  measured  with  a  Doran  valve  potentiometer,  and  the 
cui'rent  calculated. 

For  anodic  polarization,  the  current  source  was  a  high-capacity 
90  V  battery.  The  current  through  the  circuit  was  varied  by  adjusting 
the  resistance  box,  and  since  the  resistance  between  the  platinum 
cylinder  and  the  test  electrode  was  negligibly  small,  the  anodic  current 
was  controlled  only  by  this  resistance. 

7.  The  Relay 

A  Western  Electric  relay  using  mercury-wetted  contacts  in  high- 
pressure  nitrogen  (type  2753)  was  used.  It  was  operated  by  a  90  V 
battery  and  a  microswitch  with  a  suitable  filtering  circuit  (Figure  S)- 
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8,  Measurltie  and  Recording  Apparatus 

(a)  Potentiometer:  Doran  pll  meter  reading  to  +0.0005  V; 

(b)  Oscilloscope;  Tdttronix  type  535  with  53/54  D  hi^-gain 
differential  d.c.  aioplifler; 

(c)  Camera:  Exakta  Varex  IIA  fitted  with  Makro  Kllar  D  1:2. 8/4  cm. 

9.  Procedure 

The  cellj  cleaned  first  with  dichromate  and  sulphuric  acid  mix¬ 
ture,  vas  washed  thoroughly  with  distilled  water.  It  was  rinsed  several 
times  with  sodium  hydroxide  before  introducing  the  solution.  The  e^^osed 
area  of  the  nickel  electrode  was  scraped  with  a  clean,  grease-free  blade 
to  give  a  bright  surface.  The  solution  was  pre-eloctrolyaed  at  25  mA 
for  3-4  h  using  the  bright  platinum  sheet  as  anode  and  the  platlmun 
cylinder  as  cathode.  During  pre -electrolysis,  as  well  as  during  measure¬ 
ments,  a  steady  stream  of  hydrogen  was  bubbled  through  the  test  and  the 
reference  electrode  compartments. 

After  pi's-electrolysis,  hydi'ogen  overpotential  measurements  were 
made  in  the  c.d.  range  10"4  to  10“^,  the  test  electrode  being  fitted  so 
as  almost  to  touch  the  Luggin  capillary.  Qalvanostatlc  anodic  charging 
was  then  coimoenced.  The  test  electrode  was  polarized  cathodlcally  at  a 
desired  c.d.,  and  an  anodic  pulse  of  predetermined  magnitude  passed  through 
the  nickel  electrode  by  operating  the  microswitch.  The  Ni  electrode  im¬ 
mediately  became  anodic  and  the  change  of  potential  from  cathodic  to  that 
of  oxygen  evolution  was  displayed  on  the  oscilloscope.  The  transient  was 
photographed  on  a  fast  green-sensitive  recording  film,  using  the  Exakta 
camera  fitted  with  the  close-up  lens  (exposure  for  about  3  sec  at  B).  For 
any  combination  of  cathodic  and  anodic  c.d.,  2  transients,  the  normal  and 
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the  conpenaatlon,  were  obtained.  Ihe  normal  curve  was  that  obtained 
starting  from  the  equilibrium  overvoltage  at  any  cathodic  c.d.  The 
coomensatlon  curve  was  obtained  Imnedlately  after  the  normal  curve.  On 
releasing  the  mlcroswltch,  there  was  only  cathodic  polarization  of  N1 
and  the  potential  of  the  electrode  gradually  changed  from  anodic  to 
cathodic.  The  condensation  cuznre  was  obtained  by  switching  on  the  anodic 
polarization  circuit  when  the  potential  of  the  Ni  electrode  had  fallen 
to  +S5  to  ^0  mV,  as  measured  by  the  potentiometer.  The  condensation 
curve  obtained  starting  at  +25  mV  was  nearly  Identical  with  that  obtained 
starting  at  +50  mV,  showing  the  absence  of  adsorbed  hydrogen  on  the  sur¬ 
face  in  this  range.  This  Is  also  supported  by  the  low  values  for  the 
capacity  (20y^F),  calculated  from  the  compensation  curve.  The  film  was 
placed  in  an  enlarger  and  the  oscilloscope  trace  was  drawn  on  cm  graph- 
paper  at  a  linear  magnification  of  four  times  the  oscilloscope  screen 
size.  The  gradients  of  the  curves  were  obtained  at  various  points  by 
graphical  differentiation  using  a  front -silvered  mirror  and  set  square. 
All  measurements  were  made  at  room  teniperature  (26-28'^C). 

RESULTS  AMD  CALCULATION 


1.  Overpotential  Results 

Ovexpotentlal  measurements  on  Ni  cathodes  in  alkaline  solutions 
are  only  for  dilute  solutions.^  These  results,  obtained  with  hydrogen- 
saturated  wire  electrodes,  show  that  overpotential  decreases  with  in¬ 
creasing  alkali  concentration.  Our  results  are  for  electrodes  which  had 
not  been  previously  heated  in  a  hydrogen  atmosphei-e.  The  lower  energy 
of  activation  for  the  discharge  of  ff*  ion;  consequently,  is  anotner  factor 
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reducing  overpotential  values.  Our  x^sults  are  shoun  In  Figure  k.  The 
reproducihility  was  jjS  mV  at  low  c.d.'s  rising  to  +10  mV  at  high  c.d. 's. 

2.  Calculation  of  qjj 

Figure  5  shows  a  typical  pair  of  galvanostatlo  charging  curves. 

(l„-i  9)  at  any  potential  was  calculated  from  the  gradients  of  the 
A  sm 

normal  and  the  condensation  curves.  A  plot  of  against 

where  tj^  la  the  time  required  to  reach  this  potential  on  the  normal 
curve,  is  shown  In  Figure  6.  The  area  under  the  curve  then  gives  the 
quantity  of  electricity  (g^)  required  to  dissolve  all  the  adsorbed  atomic 
hydrogen  originally  present  on  the  eathodically  polarized  surface. 

3.  Variation  of  gji  with  Anodic  c.d. 

Results  at  a  constant  cathodic  c.d.  of  10"^  are  given  in  Figure  7* 
It  shows  that  qjj  has  a  constant  value  of  about  55/tC  on“®  at  anodic 
c.d.'s  above  0.6  A  cra"^.  This  means  that  re -adsorption  of  hydrogen  is 
negligible  at  anodic  c.d.'s  above  0.6  A  cm"^.  The  results  were  repro¬ 
ducible  to  +5y^C  in  the  regions  \diere  re-adsorption  was  absent. 

4.  Variation  of  Qy  with  Cathodic  c.d. 

The  anodic  c.d.  was  kept  constant  a  1  A  cm"^,  since  at  this  value 
there  is  no  re-adsozptlon  of  hydrogen.  The  results  given  in  Table  1  show 
that  q^j  values  at  cathodic  c.d.'s  exceediiag  10"^  are  very  large,  evidently 
due  to  re-adsorption  from  hydrogen  bubbles  sticking  to  the  electrode. 

This  phenomenon  was  also  observed  on  noble  metals  by  Brelter,  Knorr  and 
Volkl,^  and  on  Ag  by  Devanathan,  Bockris  and  Mehl.® 

5.  Degree  of  Coverage 

The  roughness  factor  (r.f. )  was  calculated  from  the  capacity  of 
the  electrode,  \diich  had  an  avei'age  value  of  20^F.  Since  the  capacity 
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of  the  Hg  electrode  under  cathodic  polarization  has  been  shown  by  various 
workers  to  have  a  value  of  l6yiF>  the  roughness  factor  of  the  nickel 
electrode  was  1.25>  The  charge  required  to  dissolve  the  hydrogen  adsorbed 
on  1  sq.  cm  of  Nl,  assuming  a  1:1  H:Ni  ration.  Is  32^0;  hence,  the 
charge  requli^ed  to  dissolve  a  monolayer  of  hydrogen  from  1  sq.  cm  of 
apparent  area  Is  equal  to  326  x  1.25  «  kOOjuC. 

Values  of  q  calculated  in  this  way  are  given  In  column  4  of  Table  1. 

DISCUSSION 


1.  Mechanism  of  the  Hydrogen -Evolution  Reaction 

The  data  obtained  permit  the  detemlnatlon  of  the  stages  Involved 
in  the  cathodic  evolution  of  hydrogen.  The  first  step  in  the  evolution 
of  hydrogen  must  be  the  discharge  of  a  hydronium  ion  (path  A),  or  a  water 
molecule  (path  B),  yielding  adsorbed  atomic  hydrogen  on  the  Ni  surface: 

(A)  H3O+  +  Ni  +  e  *■  WiH  +  HgO 

(B)  HgO  +  Ni  +  e  +  NiH  +  OH’ 

In  strongly  alkaline  solutions  (2  N)  path  A  is  unlikely  since  the  concen¬ 
tration  of  hydrogen  ions  is  negligibly  small,  and  it  appears  that  path  B 
is  the  first  step  in  the  formation  of  adsorbed  atomic  hydrogen. 

The  removal  of  this  adsorbed  atomic  hydrogen  from  the  surface  could 
proceed  either  by  electrochemical  desorption  (path  C),  or  by  Tafel  recom¬ 
bination  (path  D); 

(C)  NiH  +  H3O'*’  e  =>  Hg  +  HgO  +  Ni 

(D)  NiH  +  NiH  »  Hg  +  2Ni 

2.  Rate-Detenaining  Step 


Since  path  A  is  unlikely,  any  one  of  the  steps  B,  C  or  D  could  be 
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TABLE  1 


Variation  of  qjj  and  ®  vith  Cathodic  ( 
c.d.  <=  1  A  cm"^ 


1.00  X  10*^ 

10 

18 

1.00  X  10‘5 

30 

26 

1.80  X  10'5 

37 

26 

3.00  X  io'5 

52 

29 

5.65  X  10"5 

70 

42 

1.00  X  10’^ 

90 

49 

1.80  X  10“^'' 

121 

72 

3.00  X  10"^ 

140 

100 

5.65  X  10“^ 

166 

121 

1.00  X  10"3 

186 

155 

3.00  X  10'^ 

242 

1050 

1.00  X  10"2 

802 

3040 

1 .  on  V  1  n”^- 

kAn 

in  kkn 
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rate-detexmlning.  It  has  been  shovn  that  vhen  discharge  is  the  rate- 

Q 

determining  step,  the  stoichiometric  nuuiber  is  2.  This  number  v  can  be 
determined  using  the  equation 


V  =  21 


0  RT  m 


or,  from  the  point  at  which  the  overpotential  deviates  from  the  Tafel 

g 

line  due  to  the  ionization  of  hydrogen.  v  is  then  given  by  the  equation 
V  a  v/0.038  (2) 

where  V  is  the  potential  at  which  there  is  the  break  in  the  oveipotential 
curve,  v  calculated  by  both  methods  was  found  to  be  2.  Therefore,  the 
rate -determining  step  in  the  evolution  of  hydrogen  on  nickel  in  strongly 
alkaline  solutions  is  slow  discharge  from  a  water  molecule.  If  slow  dis¬ 
charge  is  the  rate-determining  step,  it  is  reasonable  to  expect  small 
values  for  O.  Figure  8  shows  where  0  is  plotted  as  a  function  of  log 
c.d.  and  indicates  low  coverage  up  to  a  c.d.  of  5  x  10”^.  Thereafter,  the 
extremely  rapid  rise  is  d\ie  to  re-adsorption  from  hydrogen  bubbles  stick¬ 
ing  to  the  electrode  surface. 

3.  Desorption  Mechanism 

The  desorption  of  adsorbed  hydrogen  atoms  can  proceed  by  Tafel 
recombination  or  by  an  electrochemical  mechanism.  If  the  former  is  the 


desorption  st^,  then 


ic  «*  kj02 


Electrochemical  desorption  can  be  fast,  or  slow  and  rate -determining.  For 
the  latter  case, 


For  fast  electrochemical  desorption,  0  should  be  independent  of  the  c.d. 
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A  plot  of  log  1  agalast  log  9  would  therefore  give  a  gradient  of  zero 
for  fast  electrochemical  desorption,  1  for  slow  electrochemlcEd  desorp¬ 
tion  and  2  for  Tafel  recombination,  nie  results  plotted  In  this  way 
are  shown  In  Figure  9.  The  gradient  Is  two,  thus- proving  that  Tafel 
recombination  is  the  desorption  step.  It  should  be  noted  that  this 
result  Is  not  affected  by  the  value  of  rouc^ness  factor  assigned  In  the 
calculation  of  0,  for  only  the  intercept  will  be  affected. 

The  value,  10“^'^,  of  1^.  at  log  9^0  gives  the  rate  constant, 
In  anips,  for  the  recombination  step, 
if-.  The  Tafel  Equation 

In  the  Tafel  equation,  based  on  the  formula 

1  »  ig  ejq)  (-&cnP/RT)  (5) 

i^  is  the  rate  of  discharge  of  hydrogen  ions  on  1  sq.  cm  of  the  electrode 
surface  when  »  0.  It  is  apparent  that  this  1^,  commonly  called  the 
exchange  current.  Is  only  a  partial  current,  since  even  at  the  reversible 
potential  there  is  some  coverage  with  atomic  hydrogen.  In  order  to  get 
the  rate  constant  for  the  discharge  of  hydrogen  ions,  It  Is  necessary  to 
correct  for  the  coverage.  Therefore,  the  Tafel  equation  is  modified  to 
read: 

ig  alg(l-9)  exp  (-ocnF/RT)  (6) 

where  S  is  the  coverage  at  the  overpotential  n.  Here  1^  is  the  current 
through  1  sq.  cm.  of  apparent  area,  the  fraction  0  being  blocked  for  the 
discharge  of  H"*"  ions  (excepting  an  electrochemical  desorption  process); 

Iq  is  the  c.d.  for  the  discharge  on  a  hydrogen-free  surface  when  n  -  0. 

On  plotting  against  log  lg/(l-9)  (Figure  10),  it  will  be  seen 
that  above  75  mV  the  graph  is  a  straight  line,  giving  1*  ■  10”^  A  om“5 
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and  b  B  66  mV. 

The  deviations  from  the  Tafel  line  at  lov  cathodic  c.d.'s  are  due 
to  the  reverse  reaction  (l.e. ,  Ionization)  becoming  appreciable. 
therefore^  a  quantitative  correction  Is  applied  for  this  Ionization 
current,  then  all  the  points  should  fall  on  a  strala^t  line  vhen 
is  plotted  against  log  lg(corr. )/(!-©). 

The  measured  cathodic  citri*ent  is  the  difference  between  the  dis¬ 


charge  and  the  ionization  currents,  l.e., 

1  «~i  (7) 

<r  ^ 

1  must  depend  on  0  and  the  ovexpotential.  It  is  given  in  terns  of  1^ 
by  the  equation 

1  »  1^0  exp  (l-oc)nI'/RT  (8) 

Hence,  the  complete  equation  for  the  cathodic  current,  I'rom  equations 
(6),  (7)  and  (8),  Is 

ijj  (1-0)  exp  (-cvrnF/RT)  exp  (l-CJd)nF/RT  (9) 

7 

This  may  he  contrasted  with  an  equation  hy  Breiter,  Knorr  and  Volkl:' 

Where  ig  is  supposed  to  be  the  excheuage  c.d. 


If  one  puts  0  »  0„  euid  17  »  0  in  the  above  equation,  i„  «»  0,  which 
means  that  1  -  1  »  1^.  As  pointed  out  earlier,  1^  cannot  be  the  true 
c.d.  as  It  is  only  a  partial  current  on  1  sq.  cm  of  a  partly  covered 


surface.  In  contrast,  equation  (9)  reduces  to 

0  B  Ig  (1-0r)  -  ©Rig  (11) 

ig  can  be  equal  to  1^  only  if  0j^  b  1/2.  However,  if  0p  is  known.  It 

t”  — t 

Is  possible  to  calculate  ig  from  ig  by  using  the  above  equation.  0|r 


was  determined  by  extrapolating  a  graph  of  0  against  to  »  0.  A 
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straight  line  was  obtained  for  ove.'.potential  values  less  than  50  mV  and 
was  found  to  have  a  value  of  0.04. 

Therefore, 

^0  »1^(1-0.04)/O.CA  =  240yUA  em*2  (12) 

The  validity  of  eqn.  (9)  can  be  checked  in  the  following  manner, 
writing  it  in  the  form 


ic  ®*P  (l‘OC)nF/RT  f  ^ 

- ^ -  -  io  (~r5 - )  ^^3) 

and  plotting  the  log  of  the  left-hand  tern  against  overpotential  (Fig.  10). 

—>  .5 

It  will  be  seen  that  all  the  points  lie  on  the  same  line  with  i^  »  10 
and  the  slope  b  86  mV  (see  Table  2). 

Column  V  shows  that  the  ionization  current  is  approximately  IcyzA 
throughout  the  range  covered.  At  a  c.d.  of  10"^  it  forms  lOjt  of  the  total 
current,  thus  confirming  Bockrls  and  Potter's  observation^  that  departure 
of  the  Tafel  line  from  linearity  is  due  to  the  ionization  current.  The 
results  and  the  graph  confirm  the  validity  of  eqn.  (9). 

5.  Desorption  Mechanism  at  High  c.d.'s 

Up  to  a  c.d.  of  10"3  A  cm"^,  desorption  is  by  Tafel  recombination. 
The  double  charging  method  cannot  be  applied  to  determine  9  at  higher 
c.d.'s  owing  to  errors  arising  from  re-adsorption  of  hydrogen.  The  Tafel 
recombination  rate  constant  is  lO'^*^  and  is  the  maximum  rate  correspond¬ 
ing  to  full  coverage.  It  Is  th«rf>for#»  not  possible  for  the  electrode 
reaction  to  proceed  by  the  slow  discharge  -  fast  recombination  path,  but 
must  change  over  above  10"3  amp.  cm"®  to  slow  discharge  -  fast  electro¬ 
chemical  desorption  in  which  case  the  coverage  will  be  independent  of  the 
current  density.  Preliminary  investigations  by  the  hydrogen  permeation 
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TABI 


I 

n(mV) 

II 

d 

III 

IV 

e“* 

10 

0.045 

0.123 

0.887 

30 

0.065 

0.355 

0.705 

37 

0.066 

0.453 

0.638 

52 

0.072 

0.600 

0.549 

70 

0.104 

0.833 

0.436 

90 

0.122 

1.09 

0.336 

121 

0.179 

1.45 

0.237 

140 

0.250 

1.70 

0.183 

166 

0.303 

2.03 

0.131 

186 

0.386 

2.30 

0.100 
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9.60 

11.1 

1.045 

11.00 

22.5 

1.352 

11.20 

30.2 

1.480 

9.45 

42.5 

1.628 

10.80 

75. 

1.875 

9.82 

125. 

2.097 

10.18 

232 

2.365 

11.0 

414. 

2.617 

824.  2.916 

1630.  3.212 


9.5 

9.32 
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current  method  seems  to  Indicate  a  limiting  coverage  of  about  0.4,  trtiich 

would  medse  the  electrochemical  rate  constant  to  be  1.5  times  the  discharge 

-5 

rate  constant,  i.e.,  1.5  x  10  . 

6.  Attempted  measurement  of  coverage  on  iron  in  alltaline  solutions 

Since  calculations  indicated  that  iron  in  alkaline  solution  could 

2 

be  studied  by  the  double  charging  method,  experimental  Investigations 

on  the  same  lines  as  on  nickel  were  carried  out.  It  was  soon  apparent 

that  the  method  could  not  be  applied  on  iron  due  to  the  large  currents 

arising  from  hydrogen  diffusing  into  the  interface  and  dissolving  at 

all  anodic  potentials.  The  double  pulse  method  depends  on  the  absence 

of  diffusion  of  hydrogen  either  from  the  solution  phase  or,  as  in  this 

case,  from  the  bulk  of  the  metal.  This  was  indicated  by  the  large 

capacities  of  the  order  of  2000-80^P,  which  were  observed  on  iron 
10 

electrodes.  These  values  cannot  be  accounted  for  on  the  basis  of  a 
large  roughness  factor,  and  ai’e  due  to  an  electrochemical  reaction;  i.e., 
anodic  dissolution  of  hydrogen. 
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HYDROGEN  PERMEATION  CURRENT  METHOD 

INTRODUCTION 

The  above -meat ioned  difficulty  encountered  with  Iron  in  the 
application  of  the  double  charging  galvanostatlc  method  suggested  an 
alternative  approach  to  the  measurement  of  coverage.  This  consists 
in  the  electrochemical  evaluation  of  the  rate  of  permeation  of  hydrogen 
by  anodic  dissolution.  Previous  investigations  of  hydrogen  permeation 
depended  on  the  measurement  of  the  quantity  of  hydrogen  permeating 
through  at  various  Intervals  of  time.  This  was  achieved  by  measurement 
of  the  Increase  in  volume  at  constant  pressure  or  of  the  increase  in 
pressure  at  constant  volume.  The  possibility  of  measuring  continuously 
the  rate  of  hydrogen  permeation  as  a  function  of  time  presents  an  op¬ 
portunity  to  obtain  data  on  coverage  and  also  on  the  rate  constants  for 
the  transfer  of  hydrogen  to  the  bulk  from  the  surface,  for  the  transfer 
from  bulk  to  surface,  the  diffusion  constant  within  the  bulk  and  also 
the  hydrogen  concentrations  in  the  metal. 

THEORY 

Diffusion  Theory  Relevsuit  to  the  Method. 

Consider  unit  area  of  a  membrane  of  thickness  L  and  diffusion 
constant  for  hydrogen  D  (see  Figure  ll).  Let  the  concentration  of 
hydrogen  at  x»0  and  x  ««  L  be  maintained  at  Cj_  and  C2  re^ectively.  In  the 
steady  state  the  through-put  of  hydrogen  is  given  by 

P  «  D  W 

and  hence 

(Cj^  -  Cg) 

L 


P  •  D 
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For  the  non -stationary  state  the  general  solution  of  the  Pick's  lav 


equation 


for  this  problem  is 


Dn^TY^t 


v  p'^r“  (C-coB  nit-  C. )  Sin  nTYx  "  -i 
+  -2— j - ^  1 


4^0  *  2^ 


_  D(2m 


+  imx 


vhere  Is  the  concentration  at  any  point  x  at  time  t,  and  is  the 
initial  concentration  of  hydrogen  in  the  memibrane.  On  dropping  the  tenn 
in  Cq  for  membranes  initially  free  of  hydrogen,  differentiating  with 
respect  to  x  and  multiplying  by  H,  the  equation  obtained  is 

Dfc  c  )  -9^5^ 

„,do^  ^'1-'  .20^. _  _  _v  nlTx  If 

(Cgcos  nTT-  Cj_)  cos  e  (18) 

^  n-1 

For  the  plane  x^O  (l8)  yields 


D(Cn  “  Cl  )  2D  .  T 2 

- (Cg  cos  nTT-  Cj^)  e  ^ 


(xoo)t 


\diere  peimaatlon  rate  at  x»c  at  time  t.  In  the  steady 

state,  t  — >  00 ,  the  eaqjonentlal  term  is  zero  suad  reduces  to 


(x-o)t. 


D(Cg  -  C^) 


(20) 
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Similarly  for  the  plane  xaL  (l8)  gives 


^x-L)t 


D(0g  -  Cl)  „ 


n«co 


■  Dn^Tr^t 


(Cgcos  n%-  Cj^)  cos  nlte 


(21) 


nsl 


%rtjich  for  t  — >■  00  becomes 

P 


D(Cg  -  C^) 

(x.a.)V  “  L 


(22) 


'CD 


Itie  diffusion  constant,  D,  may  be  evaluated  from  permeation  transients 
in  the  following  ways: 

(a)  Time  lag  method 

This  is  the  method^^  used  hitherto,  when  only  the  quantity  of 
hydrogen  permeating  was  measurable  as  a  function  of  time,  i.e. 


(x*»o  )t 


dt  which 


from  0  to  t  yields 


is  denoted 


For  this  purpose  integration  of  (19) 


D(C2  -  Cj  )t  21-  ^  (Cg  cos  nT  -Cj^)  ^  -  SLJ^ 


n«l 


(1  -  e  L  ) 


(23) 


as  t  — >  00  ( 23 )  reduces  to 


D(Cg  -  C3^)t 
L 


'00 


n-1 


Cr,  COB  nTT  C, 

- -5) 

n  n 


(24) 


Summation  of  the  second  term  yields  the  single  form 
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same  as  that  for  the  ordinary  diffusion  process  in  the  steady  state. 

An  Inspection  of  Figure  (13)  shows  that  this  tine  Is  that  which  makes 
the  area  of  the  rectangle  equal  to  that  of  the  rise  curve.  That  Is^  the 
vertically  hatched  area  should  he  equal  to  the  horizontally  hatched 
region.  It  Is  easy  to  show  that  for  an  exponential  curve  of  time  constant 
t^  this  point  corresponds  to  a  permeation  rate  of  .6299  times  the  steady 
state  value.  Thus  the  Interval  from  zero  time  to  the  time  the  permeation 
rate  is  .6299  tines  the  steady  state  value  is  L.  Hence 

* 

lag  "  6d  “  -6299  (35) 

(d)  Time  of  initial  rise 

For  an  exponential  curve  the  time  taken  to  obtain  .6299  time  the 
steady  state  value  is  the  its  time  constant.  Hence,  if  t^^  represents 
the  time  at  which  the  permeation  rate  begins  to  rise  from  zero,  the  con¬ 
nection  between  these  quantities  as  shown  by  Figure  (13)  is 


lag 


t,  +  t 
1  0 


(36) 


Therefore  from  t^  the  diffusion  constant  can  also  be  obtained  with  the 
formula 


/I  1  \ 

'i  “  D  (s'  ”  “  D  15.3 


(37) 


(e)  Decay  time  constant 

Equation  (l?)  is  the  general  solution  when  an  initially  uniform 
concentration  exists  in  the  membrane.  If  the  concentration  were  some 
function  of  x  in  the  membrane,  the  general  solution  is  given  by 
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C-0j*(C3-Cj>St|g  (C;  cos  .-tr  ■  C^) 


Dn^T<S 


-  Dn^T(^t 


*12  * 


J"  f(x')  sin 


Where  C  «  at  x»o  for  all  t 

C  B  Cg  at  xbL  for  all  t 
C  ■  f  (x)  at  tso  for  0  <  x  <  L 

If  the  steady  state  has  been  established  in  a  membi’ane  initially 
free  of  hydrogen,  then  the  concentration  gradient  is  uniform  and  Is  at 
xbo  and  Cg  at  x»L.  If  now  the  source  of  hydrogen  la  suddenly  stopped  and 
the  time  reckoned  from  this  point,  it  follows  that  the  initial  distribu¬ 
tion  function  required  in  the  second  term  of  equation  (36)  is  simply 


(Cg  -  C.)x  p, 

f  (X'  )  a  ' '  '  Zn 

L  M 


The  decay  of  the  permeation  at  xso  may  then  be  described  by  equation 


(38)  with  the  boundary  conditions 


C  a  —  0  at  xao  for  all  t 
C  a  Co  a  0  at  xaL  for  all  t 


C  a  f(x)  a  —LL  at  tao  for  0  <  x'  <  L 
L; 


Under  these  conditions,  (38)  reduces  to 


l£iltlplying  by  D  cuid  substituting  X"C  (4$)  becomes 
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napo  - 

(1^) 

nnl 

2 

Using  the  symbol  for  ^  as  before  and  ea^anding  (46)  may  be  written 


^xao,t  “  -  -  -  -)  (47) 

For  t^o,  let  the  permeation  be  P.  .  .  For  reasons  already  given  (p.  22) 

(x«»o;tao 

only  the  first  tezm  of  the  series  is  Impoi'tant  and  hence  (4-7)  can  be  trans¬ 
formed  into 


Hence  a  plot  of  log,  (|j)3f„Q  against  time  has  a  gradient  i-  and  thus 

0 

the  diffusion  constant  can  ha  calculated  vith  the  aid  of  the  fozmila 

2 

Gradient  »  ^  (4^) 

^0  L* 

The  above  analysis  shows  that  the  diffusion  constant  may  be  evaluated  by 
five  different  methods  when  transients  can  be  recorded. 

Formulae  for  the  Determination  of  Coverage 

Ccnsidcx'  the  same  membrane  but  let  some  electrochemical  reaction 
produce  a  steady  state  coverage  with  adsorbed  atomic  hydrogen  ^  at  the 
interface  at  x^L.  Let  the  opposite  Interface  at  xao  be  maintained  at 
some  anodic  potential  sufficient  to  cause  repidly  any  hydrogen  atoms  on 
the  surface,  thereby  producing  a  steady  coverage  of  zero.  Let 
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the  rate  conetant  for  the  transfer  of  hydrogen  from  the  surface  Into  the 

8  — ^  h  b  — ^  s 

metal  be  k  and  for  the  reverse  process,  k  .  In  the  absence  of 

any  diffusion  process  within  the  mesibrane,  let  the  eqhlllbrlum  concen¬ 
tration  of  hydrogen  in  the  metal  at  x«L  be  C  .  !lhl8  equilibrium  is 

0 

represented  by  the  equation 


S  — ^  b  b  8 

1  (50) 


If  due  to  a  diffusion  process  within  the  menibrane  the  concentration  at 
x>o  is  altered  from  to  Cg,  then  the  permeation  of  hydrogen  into  the 
membrane  Is  given  by 

b  s  b  — >8 

(  k  -  k  Cg)  »  P  (51) 


For  steady  state  diffusion  within  the  meidsrane^  the  concentration 
gradient  Is  uniform,  and  if  the  concentration  in  the  menibrane  at  xac 
is  the  rate  of  permeation  is  given  by 


(52) 


At  the  Interface  at  xmj  the  equilibrium  is 


b  ->8 

k  -  P  (53) 


From  (50),  (5l)>  (52)  and  (53)  the  following  equation  is  obtained: 
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b— ^8 

1-  ^  ^  ■  a 

P  S5  8-^  ti  8— yb 
Is  k  6 


(54) 


The  gradient  of  a  plot  of  p  against  L  is  given  by 


b— ►a 

0-^ 


8 


^  DO 


(55) 


and  its  intercept  by 


(56) 


The  minimum  values  of  g  and  I  are  reached  with  0  — ^  1,  hence 


and 


b  8 
_ 

**ta  a— yb 
k  D 


(57) 

(58) 


Hence  9  can  be  calculated  using  the  eguation 

Q  B  ^  ^ 

e  I 


(59) 


In  the  above  deduction  it  has  been  assumed  that  diffusion  is  the  rate 

8  ■— Vl3  t  ■■  3 

controlling  process^  l.e.^  k  ,  k  >>0.  Under  these  conditions^ 


the  formulae  previously  deduced  for  the  evaluation  of  D  apply#  and  hence 
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D  can  be  obtained  indspendently.  Therefore^  with  the  aid  of  (57)  o&d 

(58)  both  rate  conetauts  can  be  evaluated  \ri.th  a  hnovledge  of  D  obtained 

from  an  analysla  of  the  tranlsents.  When  diffusion  Is  rate  controlling, 

the  penseation  rate  vill  depend  on  the  thickness  of  the  membrane  used 

s  — yb  b — y  s 

according  to  equation  (15)>  When  k  and  k  are  both  smaller  than 
D,  then,  the  surface  reaction  is  rate  controlling.  In  this  case  the 
permeation  rate  will  be  independent  of  the  thickness  of  the  membrane. 


8onr  551(22) 


-32- 


Technlcal  Report  Ho.  4 


BXPERIMBMTAL 

Preliminary  investigations  to  ascertain  the  scope  and  applloa- 
blllty  of  the  proposed  hydrogen  permeation  current  were  carried  out 
as  follows: 

Cell: 

This  consisted  of  two  symmetrical  units  each  consisting  of  a 
3/4"  pyrex  pipe  flange  to  'v4ilch  fused  a  large  test  tube  with  a 
24/45  ground  Joint .  It  was  fitted  with  a  hydrogen  reference  electrode 
with  a  long  tapering  Luggln  ce3>lllary  texnlnating  at  the  pipe  flange 
as  shown  In  Fig.  l4a.  Arrangements  were  made  as  illustrated  to  admit 
hydrogen  or  nitrogen  gas  to  all  four  compartments  each  of  which 
carried  a  platinised  platinum  electrode  and  a  bubbler  fused  to  its 
cap.  The  edges  of  the  flanges  were  polished  flat  and  by  bolting 
together  the  two  units  on  the  test  membrane  with  a  teflon  washer  a 
liquid  tight  seal  was  made. 

Hydrogen; 

Tank  hydrogen  was  deoxygenated  by  bubbling  through  ammonium 
vanadate  solutions  reduced  with  zinc  amalgam.  Ihe  gas  was  scrubbed 
with  acid  and  water  In  wash  bottles  before  admission  to  the  cell. 
Nitrogen; 

"Prepurified"  grewie  of  nitrogen  from  cylinders  was  used. 
Electrolyte  Solutions: 

These  were  prepared  with  conductivity  water  and  analytical 
reagent  grade  chemicals.  Alkaline  solutions  were  O.IN  NaOB  and  acid 
solutions  O.IN  sulphuz*lc  acid  prepared  as  above. 
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Ptlet*s  Bath; 

PdClg  2H^  3.8  g 
Nag  HPOi^  100  g 
(NH|^)g  HPO4  laHgO  20  g 
Benzoic  acid  2.4  g 


Made  to  one  litre 

Plating  current  density 
-  o 

3ma  at  60  C. 


Electrical  Circuits; 

(a)  Cathode  Polarising  Circuit;  The  power  source  was  a  30^ 
transistor  supply  unit.  A  variable  current  was  obtained  with  the  aid 
of  two  potentiometers  each  of  3K  connected  as  shown  in  Fig.  l4b.  The 
current  was  measured  with  a  Sla^son  multlrange  microammeter. 

(b)  An(3dle  Circuit;  The  out -put  from  the  polarising  bridge 
of  a  Sargent  Model  XV  polarograph  was  applied  to  the  membrane  and  Its 
auxiliary  electrode.  The  recorder  was  used  to  register  the  current  at 
the  required  sensitivity  setting. 


Membrane  Materials; 

Shim  steel;  Nickel;  Palladium  and  palladium  plated  steel  were 
used.  The  surface  was  degreased  with  ether  and  alcohol  before  assembly 
in  the  cell.  Palladium  coatings  were  deposited  electrolytlcally  in  a 
Pilet's  bath  at  a  ten^jerature  of  60°C. 


Procedure; 

The  cell  was  cleaned  in  nitric  sulphuric  acid  mixture  washed 
thoroughly  with  distilled  water  and  rinsed  with  conductivity  water. 

The  membrane  carefully  degreased  was  then  bolted  into  position.  The 
electrolytes  were  admitted  to  each  unit  and  hydrogen  allowed  to  bubble 
through.  In  the  anodic  polarising  section;  nitrogen  was  used  for 
ejqperlmMits  with  palladium  and  pelladated  steel;  the  electrolyte  being 
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alvays  O.IN  sodium  hydroxide.  A  predetemnlued  anodic  potential  vas 
then  applied  and  the  recorder  svltched  on.  :i!he  current  soon  dropped 
to  a  very  small  steaidy  value,  the  residual  current.  The  cathodic 
circuit  previously  set  to  give  a  constant  cathodic  current  of  a 
desired  magnitude,  was  then  switched  on  eind  a  mark  snade  on  the  chart 
at  this  Instant.  After  a  short  period  the  diffusing  hydrogen  produced 
an  Increasing  current  in  the  anodic  circuit  which  was  seen  to  read  a 
steady  state.  After  steady  state  vas  established  the  cathodic 
current  was  switched  off  and  the  decay  transient  also  recorded.  Such 
measurements  were  made  with  various  electrolytes,  cathodic  current 
densitlec  and  anodic  potentials.  All  measurements  were  at  room 
temperature. 


RESULTS 

Exploratory  measurements  with  steel,  nickel  and  palladium 

showed  that  the  method  was  sufficiently  sensitive  in  the  current 

-6  -3 

density  range  10'  to  10  Qualitatively  the  transients  showed  the 
gradation  In  diffusion  constants  >dilch  were  eiqpected,  and  also  the 
variation  with  cathodic  current  density.  With  steel  in  acid  and 
alkaline  solutions  at  the  eame  cathodic  current  density,  the  hydrogen 
hydrogen  current  was  found  to  be  larger  by  about  a  factor  of  10  in 
accordance  with  the  e:g)ected  hiefher  coverage  with  hydrogen  in  acid 
solution  as  con^ared  to  alkaline  solutions. 

The  diffusion  equations  derived  were  then  tested  with  Palladium 
in  alkaline  solutions.  The  rising  and  decay  transients  were  recorded. 
These  followed  the  patteni  shown  in  Fig.  13  and  are  therefore  not 
illustrated  separately.  The  diffusion  constant  was  calculated  by 
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Detbods  (a)  -  (e)  using  equations  (2B)(34)(35}(37}  and  (49).  The 
linear  plots  predicted  by  eqiuations  (33)  snd  (48)  were  obtained  and  the 
Intercept  of  log  2  reqjuired  by  (33)  was  also  verified,  see  Fig.  15  and 
l6.  The  diffusion  constants  calculated  from  the  transients  by  the 
different  fomilae  are  given  in  Table  3.^ 

The  diffusion  constant  when  thus  determined  for  steel  In  acid 

a 

solutions  VBS  found  to  be  9*2  x  10*^.  The  hydrogen  permeation  current 
vas  found  to  be  constant  in  the  anodic  potential  range  60O  to  950  hence 
for  these  measurements  the  applied  potential  was  always  750  mv.  In 
oirder  to  eliminate  the  possibility  of  the  formation  of  passive  films 
\diich  may  alter  the  diffusion  process,  esiperiments  were  carried  out 
with  palladium  plated  menibranes.  The  plating  was  deposited  electro* 
lytlcally  In  a  Pilet'a  bath  at  60°C.  The  thickness  of  the  deposit 
was  calculated  by  weighing  the  membrane  before  and  after  plating  for 
a  fixed  period  of  time.  Thereafter  the  desired  thickness  was  obtained 
by  reducing  the  period  of  plating  proportionately  at  the  same  current 
density.  Calculations  showed  that  with  deposits  of  Palladium  of 
thickness  .001  to  .005  cm  on  a  steel  sheet  of  thickness  .014  cm  the 
diffusion  constant  should  not  be  altered.  Determination  of  the  diffu¬ 
sion  constant  for  plated  meodiraaes  by  the  above  mentioned  fonulae 
gave  the  Identical  result,  but  the  permeation  current  was  about  two 


For  The  decay  transient  in  Fig.  (X6)  the  mean  straight  line  has  been 
drawn.  The  diffusion  constant  thus  obtained  was  found  to  be  within 
3^  of  the  rise  transient  diffusion  constant.  However  the  points 
seem  to  suggest  two  slopes,  the  initial  slope  being  Identical  with 
the  rise  slope  but  at  larger  times  the  slope  Is  less  suggesting  a 
smaller  diffusion  constant  vAien  the  mean  hydrogen  concentration  is 
low.  This  is  evidence  for  the  first  time  of  the  variation  of 
diffusion  constant  with  concentration  in  solid  metals.  Previous 
observers  could  not  have  detected  this  effect  as  their  technique 
was  not  sufficiently  sensitive. 
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orders  of  magnitude  larger.  Ibe  reasons  for  this  tjebaviour  are  dis¬ 
cussed  later.  Table  4  gives  the  diffusion  constants  measured  for  various 
materials. 

The  pezmeatlon  current  in  steel  of  thickness  .00$1  cm  as  a 
function  of  cathodic  current  density  in  acid  and  alkaline  solutions 
is  shown  graphically  In  Figs.  17  and  l8.  These  results  are  with 
unpalladated  menbranes  at  a  constant  anodic  potential  of  7$0  mV. 

Discussion; 

The  consistency  in  the  diffusion  constant  and  the  reproduci¬ 
bility  of  the  results  on  palladium  are  worthy  of  note.  As  is  well 
known  despite  the  variety  of  methods  used  to  measure  the  diffusion 
constants  in  palladium^  no  concordant  values  are  reported  in  the  liter¬ 
ature.^^  Hence  a  cosgparison  with  the  result  obtained  by  the  present 
method  is  not  possible.  In  the  first  place  most  data  on  diffusion 
constants  were  obtained  at  elevated  tetsperatures  where  the  mechanism 
of  diffusion  Is  probably  different  from  that  here.  A  congjarlson  with 
values  obtained  by  extrapolation  of  this  data  is  not  therefore  Justified. 
It  is  also  well  known  that  the  phase  of  a  solid  metal  determines  the 
diffusion  constant.  In  the  literature  data>  the  diffusion  constant  was 
obtained  In  many  cases  by  following  the  increase  In  volume  of  hydrogen 
at  constant  pressure.  This  procedure  would  mean  that  the  palladium 
used  was  ^  -palladium.  In  the  method  used  hydrogen  is  removed  by 
anodic  polarisation  end  the  mean  hydrogen  concentration  would  be  samll 
and  the  diffusion  constant  would  therefore  be  that  for  oc  -palladium. 
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With  steel  sheet  the  diffusion  eonstant  obtained  is  smaller 
than  that  for  palladium,  that  for  nickel  was  intermediate.  As  expected 
the  diffusion  constant  measured  was  not  changed  \dien  the  steel  membrane 
vas  palladated  with  a  layer  .OGl  >  .0CX)5  cm  thick.  But  the  Increased 
current  needs  e]q>lanatlon.  Althou^  in  alkaline  solutions  suscepti¬ 
bility  to  passivation  la  great  at  anodic  potentials,  and  such  passi¬ 
vating  layer  vlll  be  reduced  by  the  diffusing  hydrogen.  In  the  absence 
of  passivating  layer  the  explanation  of  this  observation  can  be  found 
on  the  Tafel  recombination  reaction  at  this  surface.  When  hydrogen 
atoms  diffuse  into  the  surface,  they  can  undergo  the  following  reaction: 

H  +  H  — >  Hg  Tafel  recombination 

H  — ^  H'*’  +  e  Anodic  dissolution 

The  Tafel  reconblnation  reaction  thus  competes  with  the  anodic  dissolu¬ 
tion  reaction,  and  hence  the  magnitude  of  the  observed  dissolution 

current  will  depend  on  the  relative  values  of  their  rate  constants. 

-2  2  l4 

Hie  Tafel  rate  constant  has  been  found  to  be  10  on  nickel  in 
alkaline  solutions  and  a  similar  value  may  be  e:Q}ected  for  lion  in 
alkaline  solution.  Thus  even  at  the  high  anodic  potential  recosbina- 
tlon  could  appreciably  decrease  the  hydrogen  available  for  ionisation. 

In  the  absence  of  information  on  the  i^  values  for  the  hydrogen  evolu¬ 
tion  reaction  on  iron  In  alkaline  solution  a  calculation  of  relative 
magnitudes  is  not  possible.  When  a  thin  layer  of  palladium  is  deposited, 
the  situation  chauiges  for  the  recodbinatlon  step  is  known  to  be  slow 
and  rate  determining  on  palladium.  Hence  all  the  hydrogen  will  be 
removed  by  ionisation  only  and  the  observed  current  will  therefore  be 
larger.  Since  the  palladium  layer  does  not  alter  the  diffusion 
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processes  the  use  of  palladated  membranes  as  a  standard  procedure 
serves  to  enhance  the  sensitivity  of  the  method.  Previous  investi¬ 
gators  were  unable  to  voiic  at  current  densities  belov  10'^  am?  as 
the  amount  evolved  was  beyond  the  sensitivity  of  their  method  of 
detection.  This  is  also  unfortunate  as  it  is  veil  known  at  above 
10“^  ainp/cm^  blister  formation^^  occurs  on  iron  and  may  radically  alter 

the  nature  of  the  cathodic  surface.  IDils  has  been  confirmed  in  this 

-3 

work  and  it  has  been  found  that  whereas  below  10  the  permeation 
current  is  a  function  of  cathode  current  density^  above  10  an^  a 
hysteresis  effect  Is  observed  and  the  diffusion  constant  and  permeation 
are  found  to  change  beyond  this  point,  ^is  Indicates  that  the 
surface  structure  undergoes  some  irreversible  alteration. 

With  acid  solutions,  it  is  seen  from  Fig.  17,  that  the  limiting 
current  is  32^ A.  If  this  is  assumed  to  correspond  to  full  coverage, 
the  coverage  in  alkaline  solution  is  about  30^  at  the  highest  c.d. 
used.  The  gradient  of  the  log  1„  vs  log  1„  is  about  .5  and  suggests 
that  the  square  of  the  coverage  is  proportional  to  the  cathodic  current 
density  which  would  be  relationship  of  the  hydrogen  evolution  reaction 
in  slow  discharge  followed  by  fast  Tafel  recombination.  Values  for 
various  current  densities  may  be  calculated  from  the  data  used  for  the 
graphs  in  Pigs.  1?  and  18..  The  accurate  calculation  of  ©  and  of 
"  k  and  k  °  requires  data  with  membranes  of  known  composition  and 
varying  thickness.  S^^eriments  to  provide  this  data  are  in  progress 
with  the  anodic  potentials  controlled  with  the  aid  of  an  electronic 
potentiostat. 
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Method 


Quantity  measured 


D__  a«rt“l 

cm  sec 


1  (28) 

2  (35) 

3  (36) 

(34) 

5  (35) 


of  rise  curve 


of  decay  curve 


L  a  ^60  sec. 

5.84  X  10 

L  a  ^67  secs. 

5.77  X  10' 

t^  a  213  secs. 

6.02  X  10' 

t  a  335  secs. 

0 

5.94  X  10' 

t  a  342  secs  Initial 

5.81  X  10' 

0 

(tg  m  3^2  secs  meein) 

5.64  X  10' 

(t,,  B  363  secs  final) 

5.47  X  10' 

Mean  value  (l  -  5)  I  5'36  +  .08 


TABLE  h 


Material 

Diffusion  Constant 

Palladium 

5.88  X  10“^ 

Steel 

■•9 

9.2  X  10  ^ 

Steel  Falladated 

-9 

9.3  X  10  ^ 

Nickel 

1-10  X  10*® 
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